Uracil phosphoribosyltransferase (UPRT) is a member of a large family of salvage and biosynthetic enzymes, the phosphoribosyltransferases, and catalyzes the transfer of ribose 5-phosphate from ␣-D-5-phosphoribosyl-1-pyrophosphate (PRPP) to the N1 nitrogen of uracil. The UPRT from the opportunistic pathogen Toxoplasma gondii represents a promising target for rational drug design, because it can create intracellular, lethal nucleotides from subversive substrates. However, the development of such compounds requires a detailed understanding of the catalytic mechanism. Toward this end we determined the crystal structure of the T. gondii UPRT bound to uracil and cPRPP, a nonhydrolyzable PRPP analogue, to 2.5-Å resolution. The structure suggests that the catalytic mechanism is substrate-assisted, and a tetramer would be the more active oligomeric form of the enzyme. Subsequent biochemical studies revealed that GTP binding, which has been suggested to play a role in catalysis by other UPRTs, causes a 6-fold activation of the T. gondii enzyme and strikingly stabilizes the tetramer form. The basis for stabilization was revealed in the 2.45-Å resolution structure of the UPRT-GTP complex, whereby residues from three subunits contributed to GTP binding. Thus, our studies reveal an allosteric mechanism involving nucleotide stabilization of a more active, higher order oligomer. Such regulation of UPRT could play a role in the balance of purine and pyrimidine nucleotide pools in the cell.
Uracil phosphoribosyltransferase (UPRT) is a member of a large family of salvage and biosynthetic enzymes, the phosphoribosyltransferases, and catalyzes the transfer of ribose 5-phosphate from ␣-D-5-phosphoribosyl-1-pyrophosphate (PRPP) to the N1 nitrogen of uracil. The UPRT from the opportunistic pathogen Toxoplasma gondii represents a promising target for rational drug design, because it can create intracellular, lethal nucleotides from subversive substrates. However, the development of such compounds requires a detailed understanding of the catalytic mechanism. Toward this end we determined the crystal structure of the T. gondii UPRT bound to uracil and cPRPP, a nonhydrolyzable PRPP analogue, to 2.5-Å resolution. The structure suggests that the catalytic mechanism is substrate-assisted, and a tetramer would be the more active oligomeric form of the enzyme. Subsequent biochemical studies revealed that GTP binding, which has been suggested to play a role in catalysis by other UPRTs, causes a 6-fold activation of the T. gondii enzyme and strikingly stabilizes the tetramer form. The basis for stabilization was revealed in the 2.45-Å resolution structure of the UPRT-GTP complex, whereby residues from three subunits contributed to GTP binding. Thus, our studies reveal an allosteric mechanism involving nucleotide stabilization of a more active, higher order oligomer. Such regulation of UPRT could play a role in the balance of purine and pyrimidine nucleotide pools in the cell.
T oxoplasma gondii is a ubiquitous protozoan parasite that infects approximately one third of Americans and up to 90% of certain European countries. T. gondii is the causative agent of congenital toxoplasmosis, the leading cause of neurological birth defects, and toxoplasmic encephalitis, a devastating opportunistic infection of people with acquired immunodeficiency syndrome (1, 2) . The current drugs used against T. gondii are not ideal, and therapeutic intervention and prophylaxis must often be aborted because of toxic side effects (3) . Thus, the need for better drugs is acute. The T. gondii pyrimidine salvage enzyme uracil phosphoribosyltransferase (UPRT), which is absent in humans, offers a promising target for the design of specific antitoxoplasmal subversive substrates, and several uracil analogues have been identified as substrates of the enzyme (4) . One analogue, 5-fluorouracil, is effective in eradicating T. gondii in vivo, a process that depends on its UPRT activity (5) . However, 5-fluorouracil is also toxic to mammalian cells, thus limiting its usefulness. The effective design of more selective prodrugs that use the T. gondii UPRT depends on a detailed understanding of the structure and catalytic mechanism of this enzyme.
T. gondii UPRT (EC 2.4.2.9) is a 244-aa protein (molecular mass, 27 kDa; ref. 6 ) that belongs to the PRT family of enzymes. Members of this large family carry out the biosynthesis and salvage of pyrimidines, pyridines, and purines as well as the synthesis of tryptophan and histidine in lower eukaryotes and bacteria (7). These enzymes catalyze chemically similar reactions involving phosphoribosyl transfer from the substrate ␣-D-5-phosphoribosyl-1-pyrophosphate (PRPP) to an acceptor molecule with inversion of configuration about the ribose C1Ј atom. For UPRT, the PRPP ribosyl phosphate group is transferred to the N1 nitrogen of uracil to form UMP and PP i (Fig. 1A) . The K m values are 3.5 M for uracil and 243 M for PRPP (6) . The three-dimensional structures of several PRTs including the T. gondii UPRT (12) have been determined and reveal two structural classes (8) . Most PRTs, including UPRT, belong to the ''class I'' family, which shares a core region that consists of a four-or five-stranded parallel ␤-sheet surrounded by three ␣-helices.
UPRT has been identified and characterized to varying extents in a variety of organisms including Escherichia coli, thermophilic bacteria, Saccharomyces cerevisiae, archea, and a number of pathogenic bacteria and protozoa (29) (30) (31) (32) (33) . The sequences of these enzymes are fairly dissimilar with identities ranging from 20 to 45%, but there is strong conservation of residues in the active site pocket (12) . Most of these enzymes are homodimers including the Acholeplasma laidlawii (30) , Crithidia luciliae (29) , and Giardia intestinalis (33) UPRTs, whereas the E. coli (31) and S. cerevisiae (32) enzymes seem to be a homotrimer and heterooligomer, respectively.
Kinetic studies have shown that many UPRTs, including the E. coli and Sulfolobus shibatae enzymes, are activated by GTP (29, (31) (32) (33) (34) . How GTP regulates these enzymes is unknown, although it does affect the oligomerization state of the E. coli enzyme (31) . Also uncertain is the catalytic mechanism of UPRT. Studies on the E. coli UPRT suggest a sequential mechanism with PRPP binding before uracil, whereas the A. laidlawii, S. cerevisiae, and G. intestinalis enzymes seem to use a random order reaction mechanism (30, (32) (33) . A random order mechanism for the T. gondii enzyme is supported by the structure of its UPRT-uracil complex, which reveals a complete binding site for the base in the absence of PRPP (12) . The structure also demonstrated that a dimer is essential for uracil binding. A puzzling feature of this structure was the presence of a second dimer that led to the creation of a dimer of dimers, the functional significance of which was unclear.
To understand more fully the catalytic mechanism of the T. gondii UPRT, we determined the crystal structure of this enzyme bound to uracil and a nonhydrolyzable PRPP analogue, cPRPP. Data deposition: The atomic coordinates and structure factors for the UPRT-GTP and UPRT-uracil-cPRPP complexes have been deposited in the Protein Data Bank, www. rcsb.org (PDB ID codes 1JLR and 1JLS, respectively). ‡ To whom reprint requests should be addressed. E-mail: brennanr@ohsu.edu.
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Further biochemical and structural experiments were carried out to address the role of GTP in catalysis by this enzyme and revealed its allosteric mechanism.
Materials and Methods
Mutagenesis, Expression, and Purification of T. gondii UPRT. For mutagenesis, the UPRT cDNA containing the C128V mutation that is a requisite for structural studies was isolated as described (6, 12) . New mutations verified by automated sequencing were introduced by using the Gene Editor site-directed mutagenesis system. The mutants were transformed into JM109 E. coli, expression was induced at 37°C for 16 h, and all proteins were purified as described (6) .
Enzyme Assays. Radiometric assays for determining UPRT activity were performed essentially as described (6) . In experiments that studied the kinetic effects of GTP, 2 mM GTP was included in the assay buffer. All reagents were purchased from Sigma unless otherwise indicated. Ligand Binding Studies. GTP binding to UPRT was determined by using a variation of the nitrocellulose filtration method (35) .
[␥-32 P]GTP was diluted with nonlabeled GTP (final specific activity of Ϸ12,000 cpm͞nmol) and mixed with UPRT (Ϸ120 nM) in solution A (50 mM Tris⅐HCl, pH 7.5͞10 mM MgCl 2 ͞5 mM DTT͞1 mM EDTA͞0.1% BSA). The mixture was incubated at 4°C for 30 min. Then 10-l aliquots were withdrawn and filtered rapidly through 0.45-m nitrocellulose filter discs. The filters were washed with 20 ml of solution A and allowed to dry for 1 h at 27°C. Retained filter radioactivity was quantitated by liquid scintillation counting and used to calculate values for bound GTP. Total GTP was obtained from counting unfiltered 10-l samples. Free GTP was calculated from the difference between total and bound GTP. K d values for GTP binding were determined by Scatchard analysis using ENZFITTER.
UPRT Sedimentation Studies. UPRT sedimentation properties in the presence or absence of GTP were determined by using sucrose density gradients (5-25%, 13 ml total volume) formed in UltraClear tubes in 50 mM Tris⅐HCl͞10 mM MgCl 2 ͞10 mM DTT͞2 mM PRPP. GTP was included in gradients as indicated. Samples (200 l) containing UPRT and BSA (at concentrations of Ϸ100 M) were loaded on top of the gradients. The samples were centrifuged at 39,000 rpm for 30 h in a Beckman SW41 rotor. After completion, 200-l fractions were collected from the bottom of the gradients, and samples from each fraction were run on 15% Tris-Ntris(hydroxymethyl)glycine gels. Gels were stained with Coomassie brilliant blue R-250 dye. Distribution of UPRT and the marker proteins along the gradients was quantified by using a Bio-Rad GS-700 imaging densitometer.
Crystallization and Data Collection. The UPRT-uracil-cPRPP complex was obtained by adding 10 mM cPRPP and saturating amounts of uracil to protein at 20 mg͞ml. Crystals of the ternary complex were grown via hanging drop-vapor diffusion by mixing equal volumes of the complex with 0.2 M NaCl͞15 mM sodium citrate/ phosphate, pH 4.7͞10% polyethylene glycol 3400. The crystals are monoclinic, space group P2 1 , with the unit cell dimensions a ϭ 71.4 Å, b ϭ 111.4 Å, c ϭ 71.9 Å, and ␤ ϭ 97.7°. The UPRT-GTP complex was obtained by either soaking apo UPRT crystals (12) or cocrystallization with 1 mM GTP. The crystals are monoclinic, space group P2 1 , with the unit cell dimensions a ϭ 60.6 Å, b ϭ 141.8 Å, c ϭ 71.4 Å, and ␤ ϭ 115.0°. X-ray intensity data were collected at room temperature with an R-AXIS IV imaging plate system and processed with BIOTEX. Selected statistics are presented in Table  1 for each complex. Structure Determination and Refinement. The tetrameric T. gondii UPRT-uracil-cPRPP structure was solved by molecular replacement (36) using the T. gondii apo UPRT dimer structure as a search model. Initial difference Fourier maps revealed a uracil in each of the four subunits. Only one subunit showed unambiguous density for a cPRPP molecule, which along with four uracil molecules was built into the electron density (37). The structure was subjected to simulated annealing and positional and thermal parameter refinement by using CNS (38) . The R work is 22.5% to 2.5-Å resolution, and the R free is 26.5% (Table 1 ). The structure includes residues 21-244 of the subunit with bound uracil and cPRPP, residues 21-244 of a second subunit, residues 21-136 and 142-244 of the other two subunits, 9 phosphates, 4 uracils, 1 cPRPP, and 117 water molecules. PROCHECK (39) reveals 597 (77.6%) residues in the most favored regions of the Ramachandran plot, 146 (19.0%) in additionally allowed regions, 17 (2.2%) in generously allowed regions, and 9 (1.2%) in disallowed regions. The outlier residues include Arg-112 from each subunit, which plays a role in PRPP binding, and flexible loop residues. The UPRT-GTP tetramer was solved by molecular modification using the apo UPRT structure as the starting model. Excellent density for the four GTP molecules was evident after rigid body refinement (37) . The coordinates were refined by a combination of simulated annealing͞positional͞thermal parameter refinement (38) . After several rounds of refinement, the density for N-terminal residues 10-21 became clear. These residues were added, and the structure was refined to an R work of 18.4% and R free of 24.2% ( Table  1 ). The structure consists of residues 10-244 of each subunit, 8 phosphates (in the active site pockets), 169 solvent atoms, and 4 GTPs. PROCHECK reveals 726 (86.8%) residues in the most favored regions of the Ramachandran plot, 106 (12.7%) in additionally favored regions, none in generously allowed regions, and 4 (0.5%) outliers, again residue Arg-112 from each subunit. The coordinates and structure factors for the UPRT-GTP and UPRT-uracilcPRPP complexes have been deposited in the RCSB database under the accession codes 1JLR and 1JLS, respectively. Dynamic Light Scattering. Dynamic light-scattering experiments were done using a 2001 DynaPro dynamic light-scattering instrument and UPRT at a concentration of 1-3 mg͞ml in 20 mM Tris, pH 7.5͞1 mM DTT (buffer A). All solutions were filtered through 0.1-m Anotop filters (Whatman) to remove particulates. Multiple runs were made in which 20-40 scans of 30 s each were taken at 22°C. The data were analyzed by the DYNAMICS 3.30 software. The UPRT-alone sample was fit using a monomodal analysis, giving a molecular mass of 63 Ϯ 5 kDa, concordant with a dimer. To test the effect of the phosphate addition, sodium͞potassium phosphate, pH 7.5, was added to buffer A such that its final concentration was 150 mM. Analysis of these data revealed a UPRT molecular mass of 62 Ϯ 7 kDa, again consistent with a dimer. When GTP was added to buffer A to a final concentration of 1 mM, the resultant molecular mass was 110 Ϯ 10 kDa, i.e., a tetramer. Previous dynamic light-scattering experiments on UPRT at 6 mg͞ml (or higher) in the presence of 1 M ammonium sulfate resulted in molecular masses of 108 Ϯ 20 kDa, indicating that UPRT can form tetramers at very high concentrations.
Results and Discussion
UPRT Interactions with Uracil and cPRPP. The structure of the UPRT-uracil-cPRPP complex reveals the same tetramer (a dimer of dimers) as taken by apo UPRT (12) . Each subunit contains a ''core'' region (A1-B1-A2-A3-B4-A4-B5-B6-B7-A5-B8-A6-B9, where As are ␣-helices and Bs are ␤-strands) and a ''hood'' (B10-B11-A7), which provides residues critical for pyrimidine binding and specificity (Fig. 1B) . The structure also contains an antiparallel ␤-arm (B2-B3) inserted within the canonical PRT fold between A3 and B4. This ␤-arm forms part of the dimerization interface and caps the hood of the uracil binding site, preventing access to bulk solvent.
In the UPRT-uracil complex uracil and cPRPP are juxtaposed (Fig. 1C) . The uracil is bound as described previously (12) in a cleft that is formed by residues from the PRPP binding motif and the hood (Fig. 1C) . Specifically, the side chains of the residues Met-166 and Tyr-228 sandwich the base, and its exocyclic O2 and N3 ring atoms are anchored in ␤-strand fashion against the backbone of the hood residues Gly-234 and Phe-236. The cPRPP molecule makes extensive interactions with residues from the PRPP binding motif, the flexible loop, and the turn between B4 and A4. Contacts to the 5Ј-phosphate include hydrogen bonds from conserved flexible loop residue Arg-137, which secures the loop over the active site in a manner analogous to the stabilizing contacts of the SY dipeptide residues in hypoxanthine-guanine-(xanthine) phosphoribosyltransferase (23) (24) (25) (26) . In the apo structure of UPRT this loop is poised over the active site, already in its active conformation (12) . This conformation results from the interaction of the side chain of residue Arg-137 and a phosphate ion bound in the active site, which acts as a structural surrogate for the 5Ј-phosphate of the substrate PRPP (Fig. 1B) . Arg-137 seems to be the critical residue in this loop among the UPRTs, because it is the only conserved residue in this region aside from Thr-141, which appears to be important structurally. Although all PRTases contain a flexible loop, each enzyme has a structurally distinct hood that is used in nucleobase recognition and is likely responsible for some of the mechanistic distinctions among PRTases. In UPRT, instead of the flexible loop, its larger hood region appears to play the major role in substratesolvent exclusion, because the hood covers the uracil N1 nitrogen and the cPRPP C1Ј carbon.
The 5Ј-phosphate of cPRPP is stabilized also by the helix dipole of A5 and contacts with the backbone amide nitrogens of residues 168-172 (A5) and the side chain O␥ oxygens of Thr-169 and Ser-172. Both the O3Ј and O2Ј hydroxyls of the cPRPP contact a solvent molecule (Wat-1), which contacts Asp-164 and a second solvent molecule. The distorted 6-fold coordination of the second solvent molecule, involving three oxygens of the ␤-phosphate, Wat-1 and the O2Ј and O3Ј hydroxyls, and its relatively low B-factor (45 Å 2 ) suggest it might be an Mg 2ϩ ion, which accompanies the protein through purification. A similarly located ion has been observed in the structures of the glutamine phosphoribosylpyrophosphate amidotransferase-cPRPP complex and several HG-PRT-(substrate͞substrate analogue͞product) complexes (21, (23) (24) (25) (26) . In UPRT the PP i moiety of the cPRPP is tethered to the active site by interactions with the side chains of residues Arg-112, Tyr-148Љ, and Lys-150Љ (where the double prime indicates contacts from a third subunit of the tetramer). The strained conformation of Arg-112, which is a Ramachandran outlier and takes a cis peptide conformation, allows its backbone to form a pocket for ␤-phosphate binding and possibly to participate in catalysis. A similar close approach of the peptide to the ␤-phosphate is observed in other PRTs when bound to pyrophosphate, cPRPP, or PRPP (21, (23) (24) (25) (26) . The putative divalent cation in the UPRT-uracil-cPRPP structure appears to stabilize a strained cPRPP conformation in which the PP i tail curls back toward the sugar (Fig. 1C) . Interestingly, this conformation of the cPRPP is essentially identical to that taken by the cPRPP and PRPP molecules complexed with other PRTs (21, (23) (24) (25) (26) , indicating this structure as a potentially key feature of PRT catalysis.
The structure of this ternary complex reveals three critical features of the active site pocket. First, when cPRPP is bound, the ''bottom'' of the uracil pocket is shielded completely, thus occluding uracil from the bulk solvent. Second, the binding pocket anchors uracil optimally for an in-line attack on the PRPP molecule that inverts the stereochemistry of the C1Ј carbon atom (Fig. 1C) . Third, the interactions from Tyr-148Љ and Lys-150Љ to the PP i were unexpected, because they can occur only after tetramerization.
Substrate-Assisted Catalysis.
A notable feature of the T. gondii UPRT-uracil-cPRPP ternary structure is the proximity of the uracil N1 nitrogen to an ␣-phosphate oxygen of the cPRPP analogue [2.4 Å, N1(Ura)-O2A(cPRPP)]. This contact and the active site architecture suggests that UPRT may employ substrate-assisted catalysis (40, 41) , whereby the PRPP ␣-phosphate abstracts the uracil N1 proton and thus serves as the general base in the reaction. Such a mechanism would contrast with that suggested for hypoxanthine-guanine-(xanthine) phosphoribosyltransferases (42) , in which an aspartate in proximity to the purine N7 atom seems to play this role (23) (24) (25) . Examination of the uracil binding site of UPRT reveals that the only other candidate for the general base is Asp-235, which is conserved in all UPRTs. However, the O␦ of Asp-235 is too far from the uracil N1 (3.8 Å). Yet, the importance of Asp-235 in catalysis is underscored by our kinetic analyses, which revealed that replacement of Asp-235 with asparagine or alanine results in a catalytically inactive enzyme. Thus, Asp-235 might serve as the general base upon a shift in its side chain orientation. Alternatively, the position of its side chain is such that it could act as a proton shuffle in which its carboxyl group, which is 2.7 Å from an ␣-phosphate oxygen, would act as a proton acceptor (in the forward reaction) from the scissile PP i . Moreover, the pKa of this side chain likely is increased because of its proximity to the side chain of Asp-238 (3.6 Å). After proton abstraction the resulting negative charge of the uracil pyrimidine ring and the strained conformation of the bound PRPP would induce the formation of a positively charged oxocarbenium-like state. The reaction between the uracil N1 nucleophile and the PRPP C1Ј could then proceed via an SN1 (complete oxocarbenium formation) or SN2 (glycosidic bond formation before dissociation of the PP i leaving group) mechanism or a mixture of these and lead to UMP and PP i formation.
T. gondii UPRT Is a Physiologically Active Tetramer. The tetramer found in the UPRT-uracil-cPRPP complex is identical to that observed in the apo UPRT, and superimposition of all C␣ atoms of these tetramers results in an rms deviation of 0.44 Å despite their different crystal forms and crystallization conditions (Fig. 2) . The tetramer is stabilized by interactions between residues from the turn before A4, A4, B5, and B6 from each subunit, which result in the burial of 1,100-Å 2 surface area per subunit within the dimer of dimers interface (43, 44) . Further, the UPRT-uracil-cPRPP structure reveals interactions between the ␤-phosphate oxygen of cPRPP and residues Tyr-148 and Lys-150 from a third subunit that belongs to the ''other'' dimer (Fig. 1C) . These contacts simultaneously stabilize the tetramer and anchor the ␤-phosphate in the active site, thus properly orienting the PRPP for catalysis. The role of Lys-150 in PRPP binding explains its universal conservation among UPRTs (12) . These findings strongly suggest that the tetramer is important in the physiological function of UPRT.
GTP Binding Stabilizes UPRT Tetramerization and Activates Catalysis.
The addition of GTP to E. coli UPRT reduces the K m of the enzyme for PRPP by 7-fold without affecting V max (34, 45) . Moreover, the oligomerization state of the enzyme changes from a dimer or trimer to a pentamer or hexamer (34) . The mechanisms by which GTP increases PRPP affinity or induces and stabilizes higher order oligomers are unknown. Given our finding that T. gondii UPRT is in equilibrium between a dimer and tetramer (12) and our structural data, which reveals the functional importance of the tetramer, we tested whether GTP influences the oligomeric state and activity of the T. gondii enzyme. Sucrose density gradient sedimentation experiments revealed that in the absence of GTP, UPRT sedimented as a dimer, whereas in the presence of 2 mM GTP, it sedimented as a tetramer (Fig. 3) .
Any physiological importance of GTP-stabilized UPRT tetramerization is tied to the intracellular levels of GTP. Although unknown in T. gondii, intracellular GTP concentrations in eukaryotic cells typically range from 0.2 to 0.5 mM (46) . Therefore, depending on its affinity for UPRT, GTP could serve either as a constitutively bound cofactor or an allosteric regulator. To discern the specific role of GTP in UPRT function, the K d of UPRT for GTP was determined by a rapid membrane filter-binding technique in the presence and absence of PRPP. In the absence of PRPP the K d(GTP) is 465 Ϯ 52 M. In the presence of 3 mM PRPP the K d(GTP) drops to 169 Ϯ 7 M. These data suggest that GTP plays a regulatory role, possibly functioning to sense and balance purine and pyrimidine nucleotide levels in the T. gondii cell. To demonstrate a correlation between the apparent GTP-induced change in oligomerization and the kinetic behavior of UPRT, steady-state kinetic constants were measured in both the presence and absence of GTP (Table 2 ). GTP addition lowered the K m for PRPP by nearly 6-fold but only marginally affecting the k cat . This result demonstrates that the kinetic consequence of GTP addition is an increased affinity of the enzyme for PRPP with little or no effect on subsequent rate-limiting steps of catalysis. This effect is specific for the purine nucleotide GTP, because the addition of ATP or other nucleotides did not alter the K m for PRPP (data not shown).
To ascertain directly how GTP binding stabilizes the UPRT tetramer, we determined the structure of the UPRT-GTP complex. Electron density for four GTP molecules, which adopt anti conformations, was observed at the interfaces between three subunits of the tetramer (Fig. 4 A and B) . The conformation of the GTP-bound UPRT tetramer is identical to the apo tetramer with an rms deviation of 0.33 Å between all C␣ atoms (Fig. 2) . The GTP binding pockets are 25 Å from the nearest active site and correspond to a phosphate͞sulfate binding site described previously in the apo UPRT structure (Fig. 5 A and B; ref. 12) . Specificity for the guanine nucleobase is provided by residue Arg-68Ј, whereby the NH1 and NH2 atoms of the guanidium group read the base by hydrogen bonding to its O6 and N7 atoms. van der Waals contacts to the guanine are provided by Tyr-65Ј, Leu-78, Phe-101, Ile-105, and Cys-125 (Fig. 4A) . At the other end of the binding pocket, the GTP phosphates engage in multiple electrostatic contacts and hydrogen bonds with the side chains of the ''basic patch'' residues Lys-104, Arg-129, Arg-158, and Lys-59ЈЈ (Figs. 4A and 5A ). The formation of the GTP binding pocket from three subunits explains the role of this nucleotide in tetramer stabilization and thus catalytic activation.
The entire complement of interactions between UPRT and GTP seem critical for stabilization of the tetramer. Indeed, even high phosphate concentrations of 150 mM, which far exceed in vivo phosphate concentrations (4 mM; ref. 46) , do not promote UPRT tetramerization. Dynamic light-scattering experiments carried out on the protein alone, in the presence of 150 mM sodium͞potassium phosphate, and 1 mM GTP reveal molecular masses of Ϸ63, 62, and 110 kDa, respectively, indicative of tetramerization only in the presence of GTP. Moreover, the addition of 50 mM sodium sulfate does not result in catalytic activation of UPRT (K m for PRPP of 237 M in the presence of sulfate vs. 216 M for the protein alone and 37 M for the protein plus GTP).
The importance of Lys-59, Arg-68, and Lys-150 in GTP binding and catalytic enhancement was assessed further by their substitution with alanine. As compared with wild-type enzyme, each mutant protein exhibited diminished GTP-induced catalytic activation (5.8-vs. 1.3-3.2-fold) as a result of its decreased affinity for PRPP (Table 2) . Lys-59 and Lys-150 are particularly crucial, because their substitution with alanine results in the loss of GTP activation, which suggests that phosphate neutralization is more important to catalytic function than guanine recognition per se.
The importance of these ionic interactions is underscored by the universal conservation of Lys-150 and Lys-59 (or its functional surrogate Lys-60) and divergence at residue 68 (12) . However, because the E. coli enzyme is GTP-activated but lacks the corresponding arginine, either an alternative arginine or different nucleotide recognition mode must be used. Structural studies, on this and other UPRTs, will be necessary to delineate the role of GTP in oligomerization and enzyme activation, and as importantly, why some UPRTs do not undergo such activation.
As noted, the surface enveloping the GTP displays a continuous positive patch that extends beyond the nucleotide-binding site (Fig.  5A ). This striking electropositive surface includes the residues Lys-104, Arg-129, and Arg-158 and suggests its role in nucleic acid binding, for which there is precedence from biochemical and structural studies on the Bacillus subtilis protein PyrR (21) . The main function of PyrR is to regulate the expression of the pyrimidine nucleotide biosynthetic pathway by binding specific RNA stem-loop sequences and thus modulating the attenuation of transcription at three loci of the pyr operon (22) . Remarkably, PyrR contains a PRT fold and displays weak UPRT activity. The parallels between the T. gondii UPRT and B. subtilis PyrR are intriguing, especially given our initial data that indicate the T. gondii UPRT can bind stem-loop structures with moderately high affinity (data not shown).
In conclusion, the UPRT-uracil-cPRPP structure suggests that T. gondii UPRT may use a substrate-assisted catalysis mechanism involving both substrate-assisted proton abstraction and reaction intermediate stabilization. In addition, this complex reveals the importance of the tetramer in the UPRT catalytic mechanism by the presence of a PRPP contact to the conserved residue Lys-150 from a third protomer. Our structural and biochemical data confirm that GTP binding stabilizes the more active tetrameric form of the enzyme and functions as a positive allosteric regulator. This mechanism of regulation of the UPRT oligomerization state by GTP may serve to balance purine and pyrimidine nucleotide pools in the T. gondii cell.
